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Abstract. The work is devoted to the study of heat and mass transfer in a liquid film flowing down on a heated 
surface under conditions of evaporation into a crossflow of a gas neutral with respect to the liquid. The work aimed to 
experimentally determine the average heat transfer coefficients from a heated surface to the film, heat transfer and 
mass transfer from the film to the gas flow and to establish their dependence on the input parameters of the heat and 
mass transfer process. To achieve this goal, an experimental setup was created, and a research technique was 
developed based on the proposed mathematical model of the heat and mass transfer process. The results of the study 
showed that the dependences of the average heat and mass transfer coefficients on the initial liquid flow rate are 
extreme with the minimum values of these coefficients at the liquid flow rate, which corresponds to the critical value 
of the Reynolds criterion Re l cr ≈ 500, which indicates a transition from the laminar falling films to turbulent mode 
under the considered conditions. The dependences of the heat and mass transfer coefficients on other process 
parameters for both modes of film falling are established. A generalization of the experimental data made it possible 
to obtain empirical equations for calculating these coefficients. 
Keywords: heat and mass transfer, cross flow, film apparatus, heat and mass return coefficient, neutral gas.
1 Introduction 
Apparatus with gravitational film falling of a liquid are 
widely used in industry for carrying out various 
technological processes. In many cases, these processes 
are accompanied by the evaporation of a liquid with a 
free surface of the film (concentration of solutions, 
evaporative cooling). The presence of a neutral (inert) gas 
flow with respect to the liquid over the film has a 
significant effect on heat and mass transfer in such 
processes, allows them to be carried out at a lower 
temperature, and to ensure high efficiency of the 
apparatus [1, 2]. 
2 Literature Review 
The processes of heat and mass transfer in film 
apparatus are the subject of a large number of works 
published over many decades, starting from the first 
publication (V. Nusselt, 1916). Despite this, this problem 
is attracting researchers at the present time, which is 
associated with the development of technologies in which 
film apparatus are used. Many recent publications are 
devoted to the mathematical modeling of these processes 
[3–6]. A number of works present the results of 
experimental studies of the processes of heat and mass 
transfer in a liquid film that evaporates into the gas phase 
under various conditions of flow. Experimental studies, 
as a rule, consist in determining the heat and mass 
transfer coefficients, which are necessary for the closure 
of theoretical models. For example, in [7], the results of 
an experimental study of the heat transfer of a falling film 
of binary mixtures of freons with a surface of complex 
geometry with a local heater are reported. It is shown that 
in the evaporation mode, the heat transfer coefficients are 
determined by the liquid flow rate and weakly depend on 
the heat flux. The authors of [8, 9] presented 
experimental data on the cooling of a falling film of water 
at various flow regimes and calculated the values of the 
heat transfer coefficients from a liquid to ambient air. In 
[10], heat and mass transfer were studied during the 
evaporative cooling of a liquid film falling down a 
channel under countercurrent gas motion. The results of 
the study showed the nonlinear nature of the change in 
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the coefficients of heat and mass transfer along the length 
of the channel. The heat transfer, during evaporation of 
an ascending and descending liquid film into a moving air 
stream as applied to the desalination of seawater, was 
studied in [11]. The obtained experimental data are 
generalized by the criterion equation, which allows us to 
calculate the heat transfer coefficient. 
However, in these works, as in previously published 
ones, the heat and mass transfer coefficients are 
determined under the conditions of direct-flow or 
counter-current interaction of the film with the gas flow. 
At the same time, for increasing the efficiency of 
technological processes, the cross interaction of flows is 
of interest [2, 12]. Known studies also do not consider the 
structure of the heat flux from the surface of the film into 
the gas phase and the features of evaporation in the 
presence of neutral gas. In this regard, this work aims to 
experimentally determine the heat and mass transfer 
coefficients during evaporation of a liquid film falling 
down a heated vertical surface into a cross-flow of neutral 
gas and establish their dependence on the input 
parameters of the heat and mass transfer process. 
3 Research Methodology 
3.1 Description of the experimental setup and 
experiments 
The study was carried out in an experimental setup 
(Fig. 1), which is a model of an element of a film 
apparatus [2]. 
The main unit of the installation is a rectangular tank 
1, made of sheet steel, with a wall 2, the outer (working) 
surface of which serves to fall the liquid film. The 
dimensions of this surface are: height H = 800 mm, width 
b = 100 mm. A liquid distributor 3 is installed on top of 
the tank 1 for its uniform distribution over the width of 
the surface. On one of the long sides of the tank, a gas 
distributor 4 is fixed, having a slot 3 mm wide over the 
entire height, directed to the working surface of the 
wall 2. The tank 1 is filled with a high-temperature 
coolant (glycerin), which is in contact with the inner 
surface of the wall 2. The coolant is circulated using a 
liquid thermostat 5. To evenly heat the wall 2 and ensure 
the desired temperature, an additional electric heater 6 is 
placed inside the tank 1. At a distance of 18 mm from the 
working surface of the wall 2, the enclosing wall 7 is 
located, which is made of a transparent material, which 
allows visual observations of the fluid flow. The gas 
distributor 4 is connected to an air duct, on which an air 
electric heater 8, an airflow meter 9, and control valves 
10 are installed. The duct is connected to the blower 11. 
The setup has a supply system of liquid, which consists 
of a supply tank 12, a pressure tank 13 with an electric 
heater, a collector 14, a circulation pump 15, a control 
valve 16, shut-off valves 17, 18, 19, graduated cylinders 
20 and 21. It is equipped with laboratory thermometers of 
the ТL-50 brand (measurement scale 0–250, calibration 
1 °C) for temperature measurements of heat coolant in 
thermostat 5 (Т1) and in tank 1 located along with its 
height (Т2, Т3, Т4); air in the gas distribution device 
(T5, T6) and located between the walls 2 and 7 located at 
its height (T7, T8, T9); liquid in the liquid distributor 
(T10) and flowing down with the working surface (T11). 
 
 
Figure 1 − Scheme of the experimental setup 
1 − tank with a heat coolant; 2 − wall with a working surface; 
3 − liquid distributor; 4 − gas distributor; 5 − thermostat; 
6 − electric heater; 7 − the enclosing wall; 8 − electric air 
heater; 9 − flowmeter; 10 − control valve for air; 11 − blower; 
12 − supply tank; 13 – pressure tank; 14 − collection; 
15  − circulation pump; 16 − control valve for liquid;  
17, 18, 19 − shut-off valves; 20, 21 − graduated cylinders. 
 
The experiments were carried out in the following 
sequence. From the supply tank 12, the liquid was 
supplied to the pressure tank 13 with the valves 17, 18 
closed. After filling it, the valve 18 was opened, and the 
control valve 16 set specific liquid flow rate, which was 
measured using a graduated cylinder 20 with the valve 18 
open and the valve 19 closed. Upon completion of the 
measurement of liquid flow, the valve 18 was closed and 
the valve 17 was opened, as a result of which the liquid 
entered the distributor 3, which forms a liquid film of a 
given width on the working surface of the wall 2. The 
flow rate of liquid falling from this surface was measured 
by a graduated cylinder 21. In this study, water was used 
as a liquid. 
Then we switched on the thermostat 5, electric heater 
6, electric heater of a tank 13, and set the desired 
temperature of the coolant, as well as the water entering 
the distributor 3. Next, the blower 11, the electric heater 8 
were turned on, and with the help of the valves 10, the 
flow rate of air entering the gas distributor 4 was set by 
the flow meter 9, followed by recalculation on the air rate 
in the space between walls 2 and 7. Additionally, airspeed 
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was also monitored by periodic measurements using a 
portable anemometer at the outlet of this space. 
The input parameters in this study were: flow rate    
(kg/s) and temperature     (℃) of water in the 
distributor 3, taken as the characteristics of the initial 
cross section of the film formed by the distributor 3; rate 
  (m/s) and temperature     (℃) of air entering the space 
between walls 2 and 7; coolant temperature    (℃) in 
tank 1. Output parameters: flow rate   (kg/s) and 
temperature    (℃) of water falling from the working 
surface of the wall 2, taken as the characteristics of the 
final cross section of the film; air temperature    (℃) at 
the exit from the space between walls 2 and 7. Using 
these parameters, taking into account the environmental 
parameters: temperature     (°C), relative humidity   (%) 
and atmospheric pressure   (Pa), we calculated the 
average coefficients by the height of the surface: heat 
transfer coefficient      
 
  ∙ ∙   
  from the coolant to the 
liquid film; heat return coefficient     
 
  ∙ ∙   
  and mass 
return coefficient    
  
  ∙ ∙  
  from the film to the gas 
flow. 
In the course of the experiments, it was found that the 
width of the film flowing down the heated surface 
decreases with increasing distance from its initial section, 
while the flowing down along the unheated surface, it 
remains constant. This phenomenon can be explained by 
the thermocapillary effect arising as a result of intense 
evaporation of the liquid in the region of the “liquid – 
vapor – wall” contact line, which leads to a change in the 
curvature of the interphase surface [13, 14]. It requires a 
separate study, therefore, in this work, reduced film 
widths, which in many cases reached 50 %, were taken 
into account for each experiment by measuring the film 
width by the height of the working surface, followed by 
recalculation through the film surface area to its average 
width b  (m). 
3.2 Development of a mathematical model for 
calculating heat and mass return coefficients 
In developing this mathematical model, the following 
assumptions were made: 
– the characteristics of the film are considered as a 
constant along its width; 
– friction between the surface of the film and the gas 
flow is not considered; 
– heat and mass transfer occurs under steady-state 
hydrodynamic and thermal conditions; 
– the density    and specific heat    of the liquid are 
taken such that they are independent from the 
temperature of the liquid in the considered range of its 
change. 
Based on these assumptions for a work surface of 
height   and width  , we write the heat balance 
equations: 
– for a liquid film: 
    +     −    −    ±    = 0; (1) 
– for the gas phase above the film: 
     +    ±    ±    ±    −    = 0, (2) 
where the terms of equation (1) and (2) express heat 
flows (J/s): 
   =       −  п      – supplied to the film through 
the wall from the heat coolant; 
    =                – incoming with the liquid 
entering the surface; 
   =             – escaping with liquid draining 
from the surface; 
   =       – transported to the gas phase with 
vapor; 
   =   (   −   )    – transmitted during interphase 
heat exchange (the “+” sign is from gas, the “–” sign is 
from the film); 
    =            ∆ – entering the space above the 
film with a gas flow; 
   =         −       −      – transmitted to the gas 
phase during heat exchange between the gas flow and the 
wall surface, which is not covered with liquid (the “+” 
sign is from the surface, the “-” sign is from gas); 
   =         ∆ – coming out of the space above the 
film with a gas flow; 
   =        −        − lost in the environment 
through the enclosing wall. 
Physical quantities included in the expressions for the 
specified flows:    ,    − the speed of the film in its 
initial and final sections, m/s;   ,   – film thickness in its 
initial and final sections, m;   – liquid evaporation rate 
from the film surface, 
  
  ∙ 
;   – specific heat of 
vaporization, J/kg;    ,    – the density of wet gas at the 




;    ,    – specific heat at the entrance and exit from 
the space between the walls, 
 
  ∙   
; ∆ − the distance 
between the working surface and the enclosing wall, m; 
   – heat return coefficient between the surface of  
uncoated by the film and the gas flow, 
 
  ∙ ∙   
;      – the 
wall surface temperature which is not yet heated by the 
film;     – the heat return coefficient from the gas flow 




The mathematical model, along with equations (1) and 
(2), includes the equations obtained in [15]: the motion of 
a liquid in a film; film continuity; mass return from the 
free surface of the film; a material balance of the gas 
phase in the evaporated liquid; the relative content of the 
vaporized substance in the gas phase; Dalton’s law. 
From equation (1) as a result of the substitution of the 
expressions of its members and the subsequent 










.  (3) 
This formula makes it possible to calculate the average 
heat transfer coefficient from the heated coolant to the 
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liquid film from experimentally determined input and 
output parameters of the heat and mass transfer process. 
The necessary values of the motion velocity and film 
thickness in its initial and final cross sections were 
calculated from the dependencies obtained in [15]. In 
order to summarize the experimental data, the values of 
the heat transfer coefficient    were calculated on the 
heat transfer coefficient from the surface to the film    
according to the formula obtained from the known 





     −   (   + ∆   )
, 
where    is the heat return coefficient from the coolant 
with the inner surface of the wall in contact with it, 
 
  ∙ ∙   




∆  – wall thickness, m. 
From equation (2), a formula was obtained for 
calculating the heat return coefficient from the film 















In this case, the wall surface temperature     was 
taken to be equal to the coolant temperature, and the 
surface temperature   , according to which the film 
flows, necessary for further calculations, was determined 
by the formula obtained from the heat return equation 




The heat transfer coefficient    , which is part of the 
formula (4), was determined from the known 
dependences expressing the heat return from the gas flow 
to the enclosing wall and from this wall to the 
environment, taking into account the thickness and 
thermal conductivity of the enclosing wall. Densities and 
specific heat capacities of moist air at the inlet and outlet 
of the space between the walls included in formula (4) 
were determined using the dependencies 
    =
(  −    )(1 −    )
287(273 +    )
;   г =
(  −   )(1 −   )
287(273 +   )
; 
    = 1 ∙ 10
  + 1.97 ∙ 10    ; 
   = 1 ∙ 10
  + 1.97 ∙ 10   , 
where    ,    – partial vapor pressure of the vaporized 
substance in the gas flow at the inlet and outlet of the 
space between the walls, Pa;    ,    – the moisture 
content of gas at the inlet and outlet of the space between 
the walls, kg moisture/kg dry air. 
The average surface height mass return coefficient for 
each particular experiment was determined based on the 





where     – saturated vapor pressure of the vaporized 
substance at a gas temperature above the film, Pa;     – 
the partial pressure of steam in the vapor-gas mixture 
under the film, Pa. 





Using the measured environmental parameters, the 
moisture content of the ambient air     (kg moisture/kg 
dry air) taken by the blower was determined, and the 
mass flow rate of absolutely dry air    (kg/s) was 
calculated using the dependencies given in [15]. Given 
    =    , where     is the moisture content of the air 
supplied to the space between the walls (after the electric 






and, accordingly, the partial pressure of steam in this 





where   ,    is the mass of one kilomole, 
respectively, of absolutely dry and wet steam, kg/mol. 
4 Results and Discussion 
The results of the study were presented in the form of 
dependences of the average heat and mass return 
coefficients on the input parameters of the heat and mass 
transfer process. 
 An analysis of the influence of the initial flow rate 
(irrigation density) of the liquid L0 on the indicated 
coefficients showed that the character of the dependences 
of all the coefficients on this parameter is approximately 
the same (Fig. 2). 
 
 
Figure 2 − Dependences of the coefficients of heat and mass 
return on the initial consumption of liquid: 
1–    =  (  ); 2–    =  (  ); 3–   =  (  ). 
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With an increase in liquid flow rate, the heat and mass 
return coefficients first decrease, reaching a minimum 
value, and then begin to increase. Such an extreme 
character of these dependencies is confirmed by 
published data as applied to the heat return coefficient 
from the surface to the film [16]. It is explained by the 
transition from the laminar mode of film motion to 
turbulent. In the laminar mode, with an increase in the 
liquid flow rate, the film thickness increases, which leads 
to a decrease in the heat return coefficient from the 
surface to the film, and, as the data are shown in Fig. 2 
show, also the heat and mass transfer coefficients from 
the film to the gas phase. Upon transition to a turbulent 
regime, the heat and mass transfer intensity increases, but 
this growth is limited by relatively small values of the 
indicated coefficients, and with a further increase in the 
liquid flow rate, a slight decrease is observed (Fig. 2). 
This can be explained by the fact that, by its nature, the 
liquid film falling down a vertical surface has an unstable 
wave character [16]. At high liquid flow rates, ordinary 
two-dimensional waves that occur on the surface in the 
laminar mode, in the turbulent mode under conditions of 
evaporation and cross-gas flow, can transform into three-
dimensional waves with a large amplitude, when the 
fluctuations in the thickness and velocity of the film 
exceed their average values [17]. It can be assumed that 
such an unstable motion of the film leads to a decrease in 
the intensity of heat and mass transfer. 
Representation of the dependences shown in Figure 2 
in the dimensionless variables    ,    ,  ℎ and    , 
expressing the corresponding heat and mass return 
coefficients, as well as the liquid flow rate, allows us to 
linearize these dependencies in logarithmic coordinates 



































;    – kinematic coefficient of liquid 
viscosity   / ;   – acceleration of gravity,    – the 




initial linear watering mass, 
  
 ∙ 
;    – dynamic coefficient 
of fluid viscosity,    ∙  . 
The characteristic kink of the straight lines in the 
graph of linearized dependencies allows us to determine 
the critical value of the criterion    , which, as follows 
from Figure 3, is approximately the same for all these 
coefficients and is equal to        ≈ 500. A further study 
of the dependence of the heat and mass return coefficients 
on the input parameters of the heat and mass transfer 
process was presented separately for the laminar  
(    <        ) and turbulent (    >       ) modes. 
 
Figure 3 − Dependence of dimensionless heat and mass return 
coefficients on the Reynolds criterion: 
1–     =  (   ); 2–     =  (   ); 3–  ℎ =  (   ) 
The results of these studies showed that the    
coefficients in both modes of film flowing grows linearly 
with increasing gas velocity, but in the laminar mode, its 
growth occurs more intensively (Fig. 4 a). 
The coefficient    also increases with an increase in 
the initial gas temperature (Fig. 4 b). In this case, the 
influence of film flowing modes also consists in its more 
intensive growth in the laminar regime than in the 
turbulent one. The first mode is characterized by a 
parabolic dependence, while the second is linear. An 
increase in the coefficient    in accordance with the 
parabolic function in the laminar regime is also observed 
for its dependence on the initial temperature of the liquid, 
while in the turbulent mode this temperature practically 
does not affect the coefficient    (Fig. 4 c). 
The dependence of the coefficient    on the wall 
surface temperature is more complex in both laminar and 
turbulent modes (Fig. 4 d). First, with increasing surface 
temperature, the coefficient    decreases, then after 
reaching a temperature approximately corresponding to 
the boiling point of the liquid (100 ℃), it begins to 
increase. In both modes of film falling, the dependences 
   =  (  ) approach a parabolic function. 
As for the heat return coefficient from the film to the 
gas phase, for all parameters of the heat and mass transfer 
process, with the exception of the gas velocity, an 
increase in this coefficient is characteristic for both 
modes of film falling with increasing them (Fig. 5). 
The dependence    =  ( ) is clearly extreme in both 
laminar and turbulent modes (Fig. 5a). With an increase 
in the gas velocity, the coefficient    first decreases, then 
reaching a minimum value at a gas velocity of   ≈ 1.0 
m/s, it begins to grow. For both modes of film falling, 
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Figure 4 − The dependence of the heat return coefficient from the surface to the film on the parameters of the process of heat and 
mass transfer: 1 –      <       ; 2 –     >        
 
Figure 5 – Dependence of the heat return coefficient on the film in the gas flow on the parameters  
of the heat and mass transfer process: 1 –      <       ; 2 –     >        
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It can be assumed that this character of the dependence 
   =  ( ) is associated with a laminar-turbulent 
transition in the gas phase with an increase in the gas 
velocity and the manifestation of tangential stresses at the 
interphase boundary under the conditions of the wave 
motion of the film. 
A specific feature of the influence of other parameters 
of the heat and mass transfer process on the coefficient αt 
is the practical coincidence (within the range of 
experimental points) of the dependence    =  (   ) in 
the laminar and turbulent modes (Fig. 5 b), and also a 
higher growth rate of the coefficient αt in the laminar 
mode than turbulent with increasing liquid temperature 
(Fig. 5 c) and surface temperature (Fig. 5 d), and the 
dependence    =  (   ) is linear. 
The dependences of the mass return coefficient on the 
liquid film in the gas flow β on the gas velocity, in 
contrast to such dependences of the heat return 
coefficient, have a different character for the laminar and 
turbulent regimes (Fig. 6 a). 
 
Figure 6 - Dependence of the coefficient of mass return to the gas stream on the parameters of the heat and mass transfer process: 
1 –       <       ; 2 –     >        
For the laminar regime, the coefficient β decreases 
with increasing gas velocity, and the intensity of the 
decrease is greater in the range of low velocities than in 
the range of large ones. At low speeds, the values of the 
coefficient β for the laminar regime are smaller than in 
the turbulent mode, and at high speeds, they are more 
significant. For the turbulent regime, a slight increase in 
the coefficient β is observed with an increase in the gas 
velocity practically in accordance with the linear 
function. With an increase in the initial temperature of the 
liquid, the coefficient β increases in both modes of the 
film falling: more intensively, in accordance with the 
parabolic function, in the laminar mode and less 
intensively, in accordance with the linear function, in the 
turbulent mode (Fig. 6c). The dependences of the 
coefficient β on the initial gas temperature (Fig. 6b) and 
surface temperature (Fig. 6d) practically coincide with 
both regimes. With increasing initial gas temperature, the 
coefficient β decreases, first intensively (to about 100 ℃), 
then the decrease occurs less intensively. With increasing 
surface temperature, the coefficient β increases in 
accordance with a linear function. 
Thus, the heat and mass return coefficients depend on 
almost all of the initial parameters of the heat and mass 
transfer process, with the exception of the initial liquid 
temperature, the coefficient    does not depend on it 
under turbulent mode (Fig. 4 c). The dependence of the 
coefficient β on the gas velocity in the laminar regime is 
weakly manifested (Fig. 6 a). 
The mathematical processing of experimental data was 
carried out using the methods of generalized variables, 
which allowed us to express the dependences of the 
dimensionless heat and mass return coefficients    , 
   ,  ℎ on the criteria:    ;    ; Pr  ; Pr ;   , where 
 

















the Schmidt criterion for gas flow;     =  
   
 
 − the 
characteristic size of the gas flow, m;   ,    – thermal 
diffusivity for liquid and gas,   / . 
Given the significant influence on the surface heat and 
mass return coefficients, which is not reflected in the 
indicated criteria, simplices   /    and   /    were 
additionally introduced into these dependencies. It was 
also considered that the criteria     and Pr  ,     and    , 
    and    are interdependent through the temperature of 
the liquid and gas, which made it difficult to process the 
data obtained in the one-factor experiment. Therefore, 
instead of the interdependent criteria, the Peclet criteria 
    =     ∙ Pr ;     =     ∙ Pr ;     =   г ∙ Sc were 
used, respectively, for a liquid film, a gas flow, and 
diffusion for gas flow. 
As a result of such processing of experimental data, 
the following empirical equations are obtained: 









which is applicable within the variation of 
dimensionless variables: 562 ≤     ≤ 2140; 1992 ≤
    ≤ 782; 0,4 ≤   /    ≤ 1,2, with the standard 
deviation (standard error) between the calculated and 




 (calculated from 13 experiments); 









applicable at 1362 ≤     ≤ 3677; 127 ≤     ≤




coefficient    (according to 11 experiments); 








applicable at 1715 ≤     ≤ 4977; 127 ≤     ≤ 497; 





coefficient    (according to 12 experiments); 
− for turbulent mode: 









applicable at 2140 ≤     ≤ 3187; 1263 ≤     ≤













applicable at 894 ≤     ≤ 5190; 497 ≤     ≤ 741; 




coefficient    (according to 12 experiments); 








applicable at 874 ≤     ≤ 5046; 497 ≤     ≤ 741; 





coefficient    (according to 13 experiments). 
The above equations allow us to calculate approximate 
values of the average heat and mass return coefficients in 
a falling liquid film that evaporates into a cross-flow of 
neutral gas. 
5 Conclusions 
An experimental setup has been created, and a 
methodology has been developed for studying the process 
of heat and mass transfer in a falling liquid film that 
evaporates into a cross-flow of a neutral gas, which made 
it possible to determine the experimental values of the 
heat and mass return coefficients and establish the 
following regularities of this process: 
1. The liquid film flowing down on a heated surface 
has a smaller width compared to the width of a film 
falling down an unheated surface under the same 
remaining conditions; the difference in the width of such 
films can reach more than 50 %. 
2. The dependences of the heat and mass return 
coefficients on the initial liquid flow rate are extreme in 
nature with the minimum values of these coefficients at 
the liquid flow rate, which corresponds to the critical 
value of the criterion        ≈ 500, which indicates a 
transition from the laminar mode of a film fall to the 
turbulent one under the considered conditions. 
3. The heat and mass transfer to the liquid film in the 
laminar mode of its falling has, as a rule, a higher 
intensity than the turbulent one, which is associated with 
the instability of the film motion in the turbulent mode 
under conditions of evaporation and cross-flow of gas. 
As a result of summarizing the experimental data, 
empirical equations are obtained for calculating the heat 
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